Phylogenetic trees are systematic tools to describe relatedness among species. The inference of biological trees aims to find the best phylogenetic tree that reconstructs the evolution of a group of species. Computer models that simulate the speciation process can track population dynamics and record information about genealogic relationships. In this paper we describe a procedure for the construction of phylogenetic trees in individual based models of evolution and speciation. Keeping track of the parental relationships of all members of the population we set up a matrix containing the times to the most recent common ancestor (MRCAT) between all pairs of individuals. This information is then used in an algorithm that produces the tree. MRCAT matrices display interesting mathematical properties, which we analyze in detail. We illustrated the method with simulations of a spatial model of speciation based on assortative mating. In the model individuals are separated into males and females, so that both maternal and paternal phylogenetic trees can be generated. The resulting trees were compared with trees inferred from a clustering method based on genetic distances of the same simulated individuals. Phylogenies obtained from simulations can help understand how different speciation processes and model hypothesis affect tree properties. Simulated trees can also be used to test inference methods based on genetic or character distances obtained directly from the final population data, mimicking the process performed for real populations, where the complete past history is inaccessible.
Introduction
Phylogenetics is a fundamental tool in evolutionary biology, particularly in the study of speciation [1, 2] . It was Charles Darwin himself who depicted for the first time a phylogenetic tree in 'On the Origin of Species', which was curiously the only figure he included in his 502 pages long, seminal work [3] . Nevertheless, rigorous attempts to infer trees from biological data, specially under coalescence theory [4, 5] , through mathematical algorithms started only when computers were available, namely around 50 years ago [6, 7] , a time in which the field experienced an explosive growth, with the development of softwares only devoted to phylogenetic inference (for some examples, see [8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18] ).
Methods for inferring trees from data are divided in two major categories: distance-based methods and character-based methods [19] . By grouping species according to their genetic similarities, distance-based methods comprise UP-GMA (Unweighted Paired Group Method with Arithmetic mean) [20] , NJ (Neighbor Joining) [21] , ME (Minimum Evolution method) [22] and FM (Fitch-Margoliash method) [23] . Character-based methods, on the other hand, produce trees with some optimizing criterion applied to each character present in the target sample. Their main representatives are the MP (Maximum Parsimony method) [24] and the ML (Maximum Likelihood method) [25] . Although there are books fully devoted to describe the details of different methods [26, 6, 7] , and the use of the current available software which implements them [8, 9, 13, 11, 14, 17, 18] , the problem of selecting a method to build a phylogentic tree is far from a closed issue [27, 28, 29] .
With the availability of fast computers it also became possible to test several theoretical models of speciation. Hypothesis such as sympatric versus allopatric processes, sexual selection, assortative mating and the effect of number of genes started to be simulated on computers (for some examples, see [30, 31, 32, 33, 34, 35] ). Among the different approaches designed to quantitatively study speciation (see references [36] and [37] for a comprehensive overview of the subject), some models incorporate population or range sizes, making predictions about phylogenetic trees that arise from simulations ( [38, 39, 40] ). Phylogenetic trees have also been studied with Monte Carlo methods, making use of networks composed by ecological interactions [41] . Individual based models (IBM), in particular, widely used in biology (for a review see [42] ), have the advantage to provide a record of the genealogical relationships among individuals and/or the phylogenies of simulated species [38, 43, 44, 45, 46] . These relationships can be stored in a matrix, with the Most Recent Common Ancestor Time (MRCAT) between individuals, which is analogous to matrices employed by distance methods, except that entries represent now the number of generations one needs to go backwards to find a common ancestor for a given pair of extant individuals. This information is generally not available from discretely coded characters, molecular sequences, frequencies, and quantitative traits used by the methods enumerated above [6] .
In this article we describe a simple procedure to construct phylogenetic trees from data obtained from simulations of IBM models. The trees thus generated can be compared with trees obtained from biological data in order to validate the hypothesis behind the IBM. More importantly, trees obtained from simulations might offer a practical way to test the reliability of the method chosen to produce the tree from data. In order to illustrate the construction of trees we perform simulations of a model of speciation which was successfully employed in many different scenarios [47, 48, 49, 50, 51] . The framework presented along this paper relies on trees generated with information obtained by simulating the evolutionary history of a population. At the end of the evolutionary process MRCAT matrix contains the exact time to the most recent common ancestor between every pair of the extant population. Moreover, individuals themselves are characterized by all relevant information employed by the numerical model (genetic/phenotypic data, geographical location, etc). Therefore, a particular distance or character-based method can be utilized to infer the phylogeny from population. Comparing trees generated using distance or character-based methods with the tree provided by the MR-CAT matrix can be a useful tool to test the suitability of the chosen method for that particular speciation process used in the model. We provide a simple example of this procedure. Although the methodology presented here has some similarities with the coalescence theory [4, 5] , they are quite different. While the coalescence method is an inference made from a contemporary sample of a population, and therefore contains uncertainties in the inferred genealogical relationships, the MRCAT method generates the exact genealogic relationships between all individuals of a population over all the evolutionary time, eliminating uncertainties inherent to a statistical approach. Obviously, this is only possible because of the modeling approach presented here.
The paper is organized as follows: in section II we describe in detail how information on common ancestry can be stored in MRCAT matrices and discuss their mathematical properties. We also describe an algorithm for constructing phylogenetic trees from the matrix, and used a simple speciation model to illustrate the construction of phylogentic and genealogic trees. Finally, we construct trees using only the genetic information of extant individuals and compare it with trees generated by MRCAT matrices. In section III we shown the resultings trees build upon the speciation model described using MRCAT matrices and using matrices of genetic distance based on a clustering method, in order to compare their differences and similarities. The discussion and conclusions are exposed in section IV.
Material and methods

MRCAT matrices in asexual models
Consider a population of N t asexual individuals at generation t. Individuals can have phenotypic or genetic characteristics that determine their behavior, fitness, motion, etc. These model-dependent features define which individuals will have offspring and how their features will be passed on to them. At the end Individuals at generation t + 1 Parent at generation t 1 of generation t a list of the new individuals comprising generation t+1, together with a list of their respective parents is produced. An example is shown in Table  1 .
The parent of individual i in generation t+1 is denoted P (i). In the example in Table 1 , P (1) = 4, P (2) = 8, P (3) = 1, etc. The MRCAT between individuals i and j is, therefore,
which is simply the time to the most recent common ancestor between the parents plus one, since a generation has passed [31] . As examples
since in this last case they have the same parent. Starting from T = 0 and noting that T t (i, i) = 0 at all times the rule (1) allows one to compute the MRCAT matrix for any number of generations. The matrix T is stored only for two times, the present and the next generation, so that the memory cost does not depend on time, only on the (square) size of population.
MRCAT matrices in sexual models
The construction of MRCAT matrices in sexual models is slightly different, since each individual i has two parents, a mother P 1 (i) and a father P 2 (i). Consider as an example a population which has 4 females and 3 males in generation t and gives rise to 5 females and 3 males in generation t + 1 ( Table 2 ). Notice that not only the total number of individuals but also the number of males and females may vary over generations. As the model is sexual, both maternal and paternal lineages can be followed in the simulations, allowing the construction of two different MRCAT matrices and trees. A third option is to ignore the separation of sex and compute the most recent common ancestral taking into account Individuals at generation t + 1 Mother at generation t Father at generation t Females 1 Table 2 : List of individuals (i) at generation t+1 and their respective parents (P 1 (i) = mother and P 2 (i) = f ather) at generation t in a sexual model. In this case each individual has two parents, P 1 and P 2 . Notice that the couple 3 and 7 at generation t had two offspring, the individuals 2 and 8 at generation t+1, while other couples had only one offspring. Additionally, notice that there were 4 females and 3 males at generation t, while there are 5 females and 3 males at generation t + 1.
both parents, which is the only option if the model considers hermaphroditic individuals.
Maternal and paternal lineages
The maternal lineage of individuals is obtained by computing the time to the most recent common ancestor of their corresponding mothers:
Both T M and T F are computed for all individuals, females and males.
Hermaphroditic simulations
Many simulations consider, for simplicity, hermaphroditic individuals. In this case, the separation into maternal and paternal lineages does not make sense and the definition of the MRCAT matrix is
(4) with T 0 (i, j) = 0 and T t (i, i) = 0. This considers, literally, the most recent common ancestor of i and j, taking all possibilities into account. The same definition is applied to sexual models with sex separation when the constructed genealogy does not separate the maternal and paternal lineages (a "general" genealogy). In this case the MRCAT matrix does not determine the tree uniquely.
A detailed example of this situation is described in Supporting Information, section I.
Genealogies and Phylogenies
So far we have only considered the construction of genealogical trees for individuals of a population. If the process of evolution leads to the formation of species, the same method can be used to draw the corresponding phylogenetic trees connecting the species. If N S species exist at time t and ind(i, j) is the j-th individual of the i-th species, one needs to construct sub-matrices of size N S × N S of the full MRCAT matrix considering only one individual per species. A simple choice is to take ind(i, 1) for i = 1, 2, . . . N S and calculate T phy i,j = T ind(1,i),ind (1,j) . The shape of the phylogenetic tree is independent of the particular choice of individuals, although the height of the branches might. It should be noted that the time to the most recent common ancestor between individuals of different species is only an approximation to the speciation time, since speciation can happen several generations later.
Constructing the tree from the MRCAT matrix
At the end of the evolutionary process the MRCAT matrix contains the time to the most recent common ancestor between every pair of the extant population and this information can be used to generate genealogical or phylogenetic trees. In this section we describe how this can be done.
A tree is a graph in which external nodes (or tips) represent extant species (phylogeny) or individuals (genealogy) and are called leaves. Internal nodes are the most common ancestors between a pair of species or individuals and branches reflect the time between an ancestor and its descendents (figure 1). Building a tree requires the joining of individuals into groups, from the leaves all the way to the root. Three different types of grouping can occur in this process, as illustrated in figure 2: (1) a pair of individuals can be joined together (a structure called cherry); (2) an individual can join by right (2a) or by left (2b) an existing group or; (3) two groups can be joined together (3) . At each step of a tree construction one of these processes occur, always starting with the pair of individuals having the most recent common ancestor, which is necessarily of type (1) .
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Consider the tree illustrated in figure 1 and the corresponding MRCAT matrix given by Eq. (5). In this example, individuals A and B share a common ancestor only 3 generations ago and they form the first group, g 1 = {A, B}. This information can be extracted from the MRCAT matrix, in which T AB = 3 is the smallest entry. The second group is formed by individuals C and D (g 2 = {C, D}), corresponding to T CD = 4, the second smallest entry in the MR-CAT matrix. The next smallest time, T BE = 5, involves an individual already grouped in a previous step (individual B, belonging to g 1 ), so the grouping in this case is of type (2a) or (2b), because individual (E) will join a pre-existing group (g 1 ). Accordingly, the new group will be formed by the juxtaposition of this previous group and the new individual (g 3 = {g 1 , E} = {{A, B}, E}). Continuing this way, we find next T DE = 6, a situation in which both individuals already belong to a previously formed group. In this case the new group is formed by joining directly these two groups (g 4 = {{g 2 }, {g 3 }} = {C, D, A, B, E}). Finally, the highest entry in the matrix corresponds to T EF = 7, in which the grouping occurs according to description (2a) or (2b), namely by the direct juxtaposition of group g 4 and individual F . This is the last group formed, containing all the six individuals: g 5 = {{g 4 }, F } = {C, D, A, B, E, F }. This group gives precisely the order of individuals in the base, as depicted in figure 1 .
To each group there are three lines associated in the tree, that can be sketched in three different ways, depending on whether both branches start at the bottom of the tree (1), one of them start at a higher location (2a and 2b), or both start from higher positions (3), as shown in figure 2 . To define the positions of nodes representing the most recent common ancestor of each group we have to calculate their average positions in the x-axis. The x-axis can represent different unities of measure like genetic or phenotypic distance between individuals. In figure 1 , the individuals are separated by one unit in x-axis for simplicity. In the simplest case, with unitary distances, to define the position of the most recent common ancestor in a cherry like g 1 , we calculate the average between the x-position of individual C (position 1) and D (position 2), resulting in a x-position of 1.5. In g 3 , a less simple case, the average among the x-position of individuals A (position 3), B (position 4), E (position 5) is 4.0. The same scheme is applied for the other groups, until we find the position of the most recent common ancestor of all individuals. To define the x-positions of all individuals based on genetic or phenotypic distances, for example, we calculate the genetic/phenotypic distance between each subsequent pair of individuals given the order determined in the last group (g 5 ). The details of the algorithm and the calculation of individual x-positions can be seen in Supporting Information, section II.
Properties of MRCAT matrices
Two basic properties of any MRCAT matrix are (i) the diagonal is zero and (ii) the matrix is symmetric.
The N-1 independent times
MRCAT matrices corresponding to asexual reproduction or maternal and paternal matrices in sexual populations have at most N −1 independent positive entries plus the entries 0 at the main diagonal. In Eq.(5) where N = 6, for example, only the 5 numbers 3, 4, 5, 6 and 7 appear. If the time to the most recent common ancestral between individuals C and D were also 3 the matrix would have only 4 different entries, 3, 5, 6 and 7. However, in any of these matrices there is never more than N − 1 different positive numbers.
To prove this statement we shall consider only the case of asexual reproduction, since the proof for maternal or paternal lineages is very similar. Suppose that at generation t − 1 T t−1 has k t−1 ≤ N t−1 − 1 different positive entries a 1 , a 2 , ..., a kt−1 plus the entries 0 at the main diagonal. Then, according to the update rule given by Eq. (1) the values of T t (i, j) = T t−1 (P (i), P (j)) + 1 will assume the values a i + 1 (i = 1, 2, . . . k t−1 ) only if every individual of generation t − 1 had exactly one offspring. In this case N t = N t−1 and T t would have the same number of independent entries as T t−1 , i.e., k t = k t−1 ≤ N t − 1.
If, however, D individuals did not reproduce and M individuals had more than one offspring, then
since multiple offspring only contribute with T t (i, j) = 1 whenever i and j shared the same parent. The number of individuals, on the other hand, is
, where M o is the total number of offspring of all the M individuals that had more then one offspring.
which implies k t < N t − 1 in both cases. Since k 0 = 0 the relation holds for any t.
For hermaphroditic populations or general genealogies the above proof is not valid, since the update rule in this case is more complicated, given by Eq.(4), and there might indeed be more than N − 1 independent times, as discussed in Supporting Information, section I.
Since there are exactly N − 1 internal nodes in the tree and since each node indicates a time to the most recent common ancestor between a pair of individuals, the independent times correspond exactly to the times indicated by the nodes. Notice that these times are the times to the most recent common ancestor between adjacent neighbors in the base of the tree. In Eq. (5) 
Canonical form of MRCAT
For asexual reproduction or maternal and paternal matrices in sexual populations all the information of a MRCAT matrix is contained in the N − 1 independent times and all remaining entries of the matrix can be obtained from them. In order to do that it is important to rearrange the matrix by re-labeling individuals by the order they appear in the base of the tree. In the example described in figure 1 this corresponds to rename
In this new order the N − 1 independent times are given by T k,k+1 for k = 1, . . . , N − 1, corresponding to the first diagonal of the matrix (right above the main diagonal). In this order the matrix is in the canonical form and all other elements can be obtained immediately. The time to common ancestor between second neighbors, individuals k and k + 2 is the maximum between T k,k+1 and T k+1,k+2 :
for k = 1, . . . , N − 2. Analogously,
for k = 1, . . . , N − 3 and so on. In general 
with the independent times displayed in bold face.
Building trees in a IBM of speciation
As an example of the process of constructing genealogical and phylogenetic trees we consider an adaptation of the speciation model introduced in [47] for hermaphroditic individuals and extended in [49] to include sex separation into males and females. The model describes a population of N individuals randomly placed in a L × L spatial lattice. Each individual has a genome represented by a sequence of B binary variables where each locus plays the role of an independent biallelic gene. Individuals also carry one separate label that specify its sex (0 for male and 1 for female). Genetic distances between individuals are calculated as the Hamming distance [52] between their genetic sequences, i.e., the number of positions (loci) at which the corresponding alleles are different. Individuals whose genetic distance is larger than G (a parameter of the model) are considered incompatible and do not reproduce (assortative mating). If the distance between a male and a female is less then G the pair is considered compatible and can generate offspring. Individuals also have a mating neighborhood, a circular spatial area of radius S centered on themselves, from where they can choose a mate.
Evolution proceeds in discrete generations such that the entire population is replaced by offspring. Each individual of the current generation has a probability Q of dying without reproducing. In this case a neighbor individual, randomly selected from its mating neighborhood, is chosen to reproduce in its place. When the individual does reproduce, which happens with probability (1 − Q), it chooses a compatible mate of opposite sex within its mating neighborhood and an offspring is produced by combining the parental genomes with a single crossover at a random point. At this moment, each locus in the offspring genome has a probability µ of mutate. Finally, the offspring replaces the reproducing individual. The initial population has identical individuals with the B genes set to 0 and the sex label set to 0 or 1 with equal probability. Species are defined as groups of individuals connected by gene flow, so that any pair of individuals belonging to different species are incompatible. However, two individuals belonging to the same species can also be incompatible, as long as they can exchange genes indirectly through other conspecifics. We did simulations based on this speciation model and constructed genealogic and phylogenetic trees with the algorithm described in subsections 2.2 and 2.3. Genealogies contained only 20 individuals, randomly sampled from the population (the pool of individuals considering all species) to facilitate the visualization of tree details. The phylogeny was built with one individual representing each species.
Comparing true phylogenies with genetic distance trees
We have shown in this paper that keeping track of all parental relationships in IBM simulations allows the reconstruction of true phylogenies and genealogies. The word 'true' here means that we have recorded the full history of the population and, given a criterion to distinguish between different species, we have the exact branching points in the phylogenetic tree.
Here we illustrate the use of true trees as a means to test specific inference methods. Since our model uses genetic distances as a measure for assortative mating and for reproductive isolation, we shall use genetic distances as a proxy for ancestry, such that the larger the genetic distance between two individuals the farther back is their common ancestor. Therefore, selecting the same individuals per species of the phylogeny and the same 20 individuals sampled for the genealogies of subsection 2.5, we constructed matrices of genetic distances and trees based on the clustering method introduced by [53] , also known as the UP-GMA or average-linked method [6] . The resulting genealogic and phylogenetic trees were compared with trees obtained by actual MRCAT matrices, generated by the algorithm explained in subsection 2.2. The same clustering method can be used to build trees with the MRCAT matrix in the case of hermaphrodite or general genealogies (2.3 and Supporting Information, section II). Figure 3 shows the result of one simulation based on the speciation model described in 2.5 and figures 4 and 5 show the corresponding trees obtained with the algorithm described in this paper. The population was evolved for only 500 generations and 7 species have branched off the original population (shown in black). The parameters were N = 2600, L = 128, B = 125, G = 20, S = 6, Q = 0.05, µ = 0.001. Figure 3 shows the spatial distribution of the population where each square is an individual and colors represent different species. Phylogeny ( figure 4A ) and maternal/paternal lineages (matrilineal and patrilineal genealogies) ( figure 5A,B) were constructed according to steps described in sections 2.2 and 2.3. To build the genealogies we considered only 20 individuals, randomly sampled from the population (the pool of individuals considering all species) to facilitate the visualization of details in each tree. Because the number of individuals is small only three species are represented in the genealogies. Genealogies with a larger sample of population, in which all species are represented, can be seen in Supporting Information, section III. Matrilineal and patrilineal genealogies are different because they were built from different matrices. In the first case, the MRCAT matrix contains the time to the most recent common female ancestor between each pair of individuals, while in the second case the MRCAT matrix has the time to the most recent common male ancestor between the same individuals, which leads to different times and genealogical histories. In addition, if we considered the general genealogy ( figure  5C ), taking the most recent common ancestral among females and males, i.e., disregarding sex, the resulting MRCAT matrix does not uniquely specifies the genealogy. Two examples of different genealogical trees obtained with the same matrix are shown in Supporting Information, section III, and are compared with the tree generated by the clustering method. Trees generated by matrices of genetic distances based on the clustering method are displayed in figures 4 (right, phylogeny) and 5D (genealogy), and are compared with trees constructed by MRCAT matrix. As can be seen, trees are indeed very similar but not identical to true trees. One of the reasons for the mismatch is the fact the mutations can be reversed, partially destroying the correlation between genetic distance and evolutionary time [6] .
Results
Discussion
Understanding all the mechanisms that promote speciation is still an open problem in evolutionary biology [34, 37] . Even more challenging is to identify which of these mechanisms were important in a particular case. A large number of mathematical and computational models were developed in the past years to test hypothesis on speciation processes, including a variety of geographic modes (sympatric [54, 36, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64] , allopatric [36, 55, 65, 66, 67, 68, 69, 70, 71] , parapatric [33, 72, 73, 74] , continuous populations or island models) and forms of selection (sexual [75, 61, 68, 63] , disruptive [64] , ecological [76, 77, 64] , neutral [78, 33, 79, 47, 68, 80, 81, 82, 48, 49, 50] ). figure 3 . Left: Phylogeny built from the MRCAT matrix at the end of simulation. Right: Phylogeny built from a genetic distance matrix calculated from the genetic sequences of one representative per species. Differences in their histories are visible, i.e., the patterns of descent are distinct. The xaxis represents the genetic distance between subsequent pairs of contemporary individuals (individuals at the end of the simulation), and were calculated as described in Supporting Information, section II (algorithm Build Tree). The y-axis represents the time (left) and the genetic distance (right) between the most recent common ancestors of these species. The results of models, however, can only seldom be compared with real data [83, 84, 85, 86, 87, 88, 89] . In these cases comparisons often include qualitative abundance and spatial distributions and in some cases genetic or phenotypic distances. Nevertheless, very little attention has been given to the resulting phylogenies or genealogical trees.
Evolutionary trees are essential tools to understand the organization of life. They reveal how species are related to each other and the times between speciation events. The topological structure of trees also contains clues about processes originating a particular group of species, however that information is often hard to extract [1] .
In this paper we have described a simple procedure to construct genealogies and phylogenies in a general class of IBM models. We have discussed the properties of MRCAT matrices and presented an algorithm to construct paternal, maternal and general (also for hermaphroditic models) trees from the matrix. We have also presented an example of a spatial IBM where individuals are separated into males and females and sexual reproduction is restricted by genetic similarity and spatial proximity. We have constructed the maternal, paternal and general trees, highlighting their differences. The qualitative properties of the trees thus obtained could in principle be compared to specific trees to test the validity of the model hypothesis. Different model hypothesis and parameter regimes can lead to quite different tree topologies, which can be used as signatures of the processes being modeled. Similar ideas have been explored in the context of DNA sequences [90] and linguistics [91] . These features, not explored in this article, will be the subject of a future publication.
Finally, we stress that the trees generated by the procedure described here are 'exact', and not probabilistic, trees, since the evolution of the population is followed step by step, keeping track of all parental relationships among individuals. These trees can be compared with those obtained directly from the final population data, mimicking the process performed for real populations, where the complete past history is inaccessible and coalescent methods are generally employed. This can help to test and compare the different methods used by empiricists. As a simple example we have reconstructed the genealogical tree of a sample of individuals computing only their genetic distances. The resulting tree is very similar to the exact tree, but it is not identical. The ability to save the entire history in IBM models is, therefore, a valuable tool to advance in the pursuit of the relationship between speciation processes and tree topologies.
Data Acessibility
-Python script to construct trees: uploaded as online Supporting Information.
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